Recent developments in the understanding of the molecular control of iron homeostasis provided novel insights into the mechanisms responsible for normal iron balance. However in chronic anemias associated with iron overload, such mechanisms are no longer sufficient to offer protection from iron toxicity, and iron chelating therapy is the only method available for preventing early death caused mainly by myocardial and hepatic damage. Today, long-term deferoxamine (DFO) therapy is an integral part of the management of thalassemia and other transfusion-dependent anemias, with a major impact on well-being and survival.
However, the high cost and rigorous requirements of DFO therapy, and the significant toxicity of deferiprone underline the need for the continued development of new and improved orally effective iron chelators. Within recent years more than one thousand candidate compounds have been screened in animal models. The most outstanding of these compounds include deferiprone (L1); pyridoxal isonicotinoyl hydrazone (PIH) and; bishydroxy-phenyl thiazole. Deferiprone has been used extensively as a substitute for DFO in clinical trials involving hundreds of patients. However, L1 treatment alone fails to achieve a negative iron balance in a substantial proportion of subjects. Deferiprone is less effective than DFO and its potential hepatotoxicity is an issue of current controversy. A new orally effective iron chelator should not necessarily be regarded as one displacing the presently accepted and highly effective parenteral drug DFO. Rather, it could be employed to extend the scope of iron chelating strategies in a manner analogous with the combined use of medications in the management of other conditions such as hypertension or diabetes. Coadministration or alternating use of DFO and a suitable oral chelator may allow a decrease in dosage of both drugs and improve compliance by decreasing the demand on tedious parenteral drug administration. Combined use of DFO and L1 has already been shown to result in successful depletion of iron stores in patients previously failing to respond to 
INTRODUCTION
Recent developments in the understanding of the molecular control of iron homeostasis provided novel insights into the mechanisms responsible for normal iron balance. However in chronic anemias associated with iron overload, such mechanisms are no longer sufficient to offer protection from iron toxicity, and iron chelating therapy is the only method available for preventing early death caused mainly by myocardial and hepatic damage. Although deferoxamine (DFO) has been available for treating transfusional iron overload from the early 1960s, the era of modern and effective iron chelating therapy started only 20 years ago with the introduction of subcutaneous DFO infusions by portable pumps. Today, long-term DFO therapy is an integral part of the management of thalassemia and other transfusion-dependent anemias, with a major impact on well-being and survival.
PATHOPHYSIOLOGY OF IRON OVERLOAD IN THALASSEMIA:
The primary abnormality in thalassemia major is a wasteful, ineffective erythropoiesis resulting in a 10 to 15-fold expansion of the erythroid bone marrow/1/and a drastic increase in hemoglobin catabolism. Iron accumulation is the consequence of blood transfusions as well as of increased iron absorption caused by erythropoietic activity. The role of increased iron absorption is illustrated by the severe iron overload encountered in patients with thalassemia intermedia who have never received blood transfusions. The combination of iron overload and increased outpouring of catabolic iron from the reticuloendothelial system overwhelms the iron carrying capacity of transferrin, resulting in the emergence of toxic non-transferrin bound plasma iron (NTBI).
Although our original description of a chelatable, low molecular weight plasma iron fraction in thalassemic patients with severe iron overload/2/has been greeted with initial scepticism, its existence has been confirmed by many subsequent studies using a variety of methods. NTBI promotes the formation of free hydroxyl radicals and accelerates the peroxidation of Without iron chelating therapy, the accumulation of iron will progress relentlessly and when about 20 grams of iron have been retained in the body, significant clinical manifestations of iron toxicity may be anticipated /9/. The most important complications of transfusional siderosis are cardiac, hepatic and endocrine disease. Pathologic findings in the heart include dilated, thickened ventricular walls with particularly heavy iron deposits in the ventricles, epicardium and papillary muscles. These cellular deposits induce increased membrane lipid peroxidation in the sarcolemma resulting in impaired Na,K,ATPase activity /10/, increased lysosomal fragility/11/and, in particular, impaired mitochondrial inner-membrane respiratory chain activity/12/. It is possible to demonstrate early myocardial dysfunction in asymptomatic patients using MUGA scan /13/ or dobutamine stress echocardiography /14/. With progressive cardiac siderosis symptomatic heart failure and life-threatening arrhythmias will develop. Myocardial siderosis is the single most important cause of mortality in inadequately treated thalassemics.
RESULTS OF LONG-TERM DFO TREATMENT
The introduction of deferoxamine (DFO, Figure l) for the treatment of transfusional iron overload had a major impact on the survival and well-being of thalassemic patients. Although this has never been proven by prospective, randomized clinical studies, and such randomized studies are no longer justified ethically, the beneficial effects of long-term deferoxamine treatment are clearly demonstrated by comparison of treatment outcome with historical controls. Experience with long-term DFO Impact on survival:
The impact of desferrioxamine treatment on life expectancy is eloquently demonstrated by comparison of survival in well chelated versus poorly chelated patients. In a major study of 1127 thalassemic patients at 7 Italian teaching hospitals it was shown that 70% of patients born before 1970 and hence prior to the modern era of chelation survived to the age 20 y. compared to 88% in patients born after 1970 and therefore receiving effective chelation from an early age/9/. Most of the improvement in survival was attributed to decreased cardiac mortality. This cohort-of-birth related improvement in survival is reflected in a mirror-like inverse decrease in cardiac mortality, supporting the assumption that prevention of cardiac mortality is the most important beneficial effect of DFO therapy. A subsequent update on this group of patients/21/has shown that the prevalence of heart failure and diabetes declines with subsequent birth cohorts. Conversely, hypothyroidism is becoming more frequent. Overall, diabetes was present in 5.4%, heart failure in 6.4%, thrombosis in 1.1%, HIV infection in 1.8%, and hypogonadism in 55% of those reaching pubertal age. This update on the cohort of patients described in earlier reports confirms the remarkable improvement in life expectancy comparing successive cohorts of thalassemic patients. This improvement is mainly due to decreased cardiac mortality. Conversely, mortality caused by other complications of thalassemia has not decreased. Improved survival in well chelated thalassemic patients has been reported in several other major studies from the U.K. and North America/22-25/. The increasing incidence with age of hypothyroidism, and the emergence of HIV as a significant cause of mortality has also been noticed in a group of thalassemic patients living in the New York area/26/.
The strongest direct evidence supporting the beneficial effect of DFO on hemosiderotic heart disease is the reversal of established myocardiopathy in some far-advanced cases. Earlier experience in hereditary hemochromatosis has shown that the myocardiopathy of iron overload is potentially curable by effective iron mobilization through phlebotomy. However, in transfusional hemosiderosis, the course of established 
DEVELOPMENT OF ORALLY EFFECTIVE CHELATORS
In spite of the proven efficacy of desferrioxamine, not all patients are willing to cope with the rigorous requirements of the long-term use of portable pumps. In addition, the high cost of this treatment is a serious obstacle to its more widespread use. In view of these considerations, there is a great need for the development of alternative, orally effective iron chelating drugs. Within recent years more than one thousand candidate compounds have been screened in animal models. These efforts led to the identification of several interesting compounds, a few of which may be of possible clinical usefulness. The present discussion will be limited to the most outstanding of these compounds including deferiprone (L l); pyridoxal isonicotinoyl hydrazone (PIH) and bishydroxyphenyl thiazole.
Deferiprone (L1).
Of all the new iron chelating drugs available today, only defenpone has been used as a substitute for DFO in clinical trials involving many hundreds of patients. The family of 3-hydroxypyrid-4-one bidentate chelators, designed by Hider and Kontoghiorghes /31,32/ binds to iron in a 3:1 ratio. The most important compound of this family is 1,2-dimethyl-3-hydroxypyrid-4-one, (deferiprone or L l, Figure 2 ). Although clinical reports on the use of deferiprone in thalassemic and other patients have been published as early as 1987, detailed animal studies on toxicity and on pharmacokinetics have only become available subsequently. The pharmacology and clinical efficacy of deferiprone have been the subject of several reviews/33-36/.
Animal toxicity:
At a daily dose of 200 to 300 mg/kg, i.e. 3 to 4 times the dose recommended in man, given for several months, L1 caused bone marrow aplasia in mice, rats, dogs and monkeys, involution of lymphatic tissues and adrenal steatosis. These alterations were associated with high rates of mortality/37,38/. As shown below, clinical experience with L indicates that zinc deficiency is a common complication of L1 treatment/39/.
Zinc is essential for the formation and function of the immune system. Zinc deprivation results in thymic atrophy, impaired function of macrophages and T cells, inability to respond to antigens and impaired resistance to infection/40/. It also leads to gonadal atrophy and congenital malformations. Thus, it is quite likely that some of the most impressive toxic effects of deferiprone observed in animal studies of drug tolerability were caused by concurrent zinc deficiency and were not a direct consequence of deferiprone toxicity.
In view of animal toxicity data, in 1993 Ciba-Geigy announced the discontinuation of its efforts to develop deferiprone for clinical use/41/. This decision has been contested on the grounds that deferiprone should continue to be available for patients with severe transfusional iron overload who are unable or unwilling to use DFO/42/. It was also felt that toxicity of any chelator should be tested in iron-loaded and not in normal animals
Clinical evaluation:
The results of long-term iron chelating therapy with L1 in thalassemic patients /43-45/ have been summarized in several reviews/33-36/and the combined experience of the 4 major European and Canadian groups pioneering the clinical use of L1 has been described in a report of Although the mechanism of neutropenia in unknown, in some cases it is clearly an immune reaction to LI,. as illustrated by the simultaneous development of agranulocytosis, systemic vasculitis, alterations in humoral and cell mediated immune function, and the presence of circulating immune complexes/51/.
In three of the above 4 reports the proportion of patients abandoning treatment has been specified. Of a total of 92 patients 36 (39%) discontinued L1 therapy. Six patients died. Of particular concern is the observation that four of the patients died with congestive heart failure due to iron overload, a complication which was shown previously to be prevented by effective deferoxamine therapy. Other important causes of L1 discontinuation were agranulocytosis or neutropenia (6 patients).arthropathy (5 patients) nausea (5 patients), or unsatisfactory response to L1 (8 patients) defined as low compliance (2), rising serum ferritins (4), request to resume DFO (1) and change of residence (1) .
Thus, by comparison with the ISGOIC study summarizing L1 experience prior to June 1994, these recent reports indicate a higher rate of treatment discontinuation (39 vs 20 %), failure to decrease serum ferritin and liver iron concentrations to levels assuring significant cardioprotection in a substantial proportion of cases and, indeed the continued presence of cardiac mortality, a complication of transfusional iron overload which has already been largely eliminated by effective DFO treatment. A recent recta-analysis of nine clinical trials providing data on 129 iron overloaded patients/52/, has shown that after a mean of 16 months, 75% of patients with severe iron-overload had a decrease in serum ferritin as compared with baseline, and 51.8% achieved a negative iron balance. Other reports from Near-Eastern countries describe a high compliance rate in patients not previously compliant wifl DFO treatment, and a significant decrease in serum ferritin within the first year of deferiprone treatment/53/.
The failure to achieve a steady decrease in storage iron with L1 is explained by the difference in efficacy between the two drugs on a weight per weight basis. As shown by a metabolic balance study comparing combined urinary and fecal iron excretion in thalassemic patients receiving either 60- Most studies of deferiprone have found fluctuations in ALT levels, particularly in the first months of treatment. The International Cooperative Group/39/found at least one serum ALT level greater than twice the upper limit of normal in 50 of 84 patients during the first 6 months of therapy. The changes in liver enzymes were mild and transient among the 38 hepatitis C negative patients and persistent elevation occurred in only one patient, returning to pre-treatment levels when deferiprone was discontinued/39/. In the first year of the large prospective multi-center trial, mean ALT levels rose significantly at 3 and 6 months and in the intention to treat analysis, at nine months. At 12 months, however, the ALT levels did not differ significantly from baseline values/50/. Two patients discontinued therapy in the first year because of increased ALT levels. Trend analysis of ALT levels after 4 years showed no change during therapy with deferiprone, irrespective of hepatitis C status. In the study of Ceci et al./57/, ALT levels did not increase among the 151 patients who completed 3 years of treatment although in those with an initial ferritin over 4000 lag/l, mean ALT levels showed a trend for decrease over time. Olivieri et al. reported reduction in ALT levels in most patients receiving deferiprone /43/. There are no published reports of liver failure during therapy with deferiprone.
The issue of deferiprone-associated liver injury has been particularly contentious since the report of accelerated liver fibrosis in patients receiving deferiprone in one study/46/. Of 19 thalassemic patients on long-term deferiprone treatment, 14 could be evaluated for progressive fibrosis on serial liver biopsies. Five patients receiving deferiprone were considered to have progression of fibrosis as compared to none in the retrospectively chosen group of 12 patients treated with deferoxamine. The authors estimated that the median time to progression of fibrosis was 3.2 years and the estimated odds for progression of fibrosis were 5.8 for each additional year of deferiprone treatment. As pointed out in an accompanying editorial/58/, the study was not a comparison of patients randomly assigned to either treatment, and the mean baseline hepatic iron concentration was much higher in the deferiprone (81umol/gram wet weight) than the deferoxamine (35umol/gram wet weight) group. The median age of the deferiprone group was 18.2 years compared to 13.9 years in the deferoxamine group. Likewise, the median age of the 5 patients considered to have progression of hepatic fibrosis was 21 years compared with 16 years in patients with no progression of hepatic fibrosis. Four of the five patients believed to have progression of fibrosis had antibodies to hepatitis C compared with only 2 of the 9 without progression. Patients with hepatitis C and increased liver iron greater than 7mg/g dry weight have subsequently been shown to have progression of hepatic fibrosis after bone marrow transplantation in the absence of transfusion requirement and without any chelating therapy/59/. On the other hand, in the absence of hepatitis C, only levels greater than 15mg/g dry weight were 2-hydroxy-l-naphthaldhyd benzoyl hydrazone In hypertransfused rats/75/PIH is able to remove parenchymal and RE iron with equal efficiency and practically all chelated iron is excreted through the bile. Its in vivo chelating efficiency is equal to, or slightly better than DFO and its oral and patenteral effectiveness is similar. No evidence of toxicity has been found at doses up to 500 mg/kg/d. However, long term (10 weeks) PIH treatment in rats failed to increase iron excretion /76/. It is possible that this failure was caused by the hydrolysis of PIH at the low pH of the stomach into pyridoxal and the corresponding acid hydrazide/77/.
Stuties in patients with iron overload treated with PIH at a dose of 30 mg/kg/d have shown a modest net iron excretion of 0.12 +0.07 mg/kg/d/78/, which is much less than the mean value of 0.5 mg/kg/d required to achieve negative iron balance in most cases. Nevertheless, it was estimated that this degree of iron excretion may be sufficient for achieving a negative iron balance in non-transfusion-dependent patients with iron loading anemias. Although the results of this pilot study in thalassemic patients were generally regarded as evidence for the limited value of PIH in the treatment of thalassemia, several arguments have been raised in favour of PIH in a recent review/79/by Richardson and Ponka. First, the dose of 30 mg/kg used in the above study was much less than the effective doses of 125 to 500 mg/kg employed in experimental animals. Second, PIH was given to patients after calcium carbonate as a powder in gelatin capsules. This may have prevented acid hydrolysis of PIH, but also could drastically limit its absorption because of the low solubility of PIH in aqueous solution at a neutral pH/80/.
Other Schiff base compounds are readily formed with pyridoxal, and a large number of such derivatives have been studied /72,75/. One of the most effective of these, pyridoxal-pyrimidinyl-ethoxycarbonyl methbromide (PPH15), is able to remove 79% of hepatocellular radioiron stores in hypertransfused rats, following a single parenteral dose of 200 mg/kg, and its oral effectiveness exceeds that of parenteral DFO. Although results of preliminary toxicity studies in rats have been encouraging, subsequent studies in Cebus monkeys disclosed significant toxicity precluding the use of this drug for clinical purposes. A variety of PIH analogues has been prepared and evaluated by Ponka In a 12 week study in iron-loaded rats, ICL 670A was twice as effective orally as s.c. DFO. In the ironloaded marmoset, iron excretion was predominantly fecal. At the higher dose range the effect of a single dose continued up to 48 hours. Iron excretion was predominantly fecal and iron-selective, without increasing copper or zinc excretion. At equimolar doses, it was l0 time more effective than deferiprone. At the effective oral dose of 22 mg/kg no adverse effects were seen after 4 weeks of treatment. At very high doses, nephrotoxicity was seen in both rats and marmosets, but this was much less in iron-loaded animals.
Phase clinical trials with ICL 670A are in progress. In these studies, the safety and efficacy of. ICL 670A will be evaluated in thalassemic patients starting with a dose of 2.5 mg/kg and gradually escalating to 80 mg/kg. These studies will also include detailed pharmacokinetics including area under the curve (AUC), Cmax, tmax and tl/_. These studies will be followed by repeated-dose safety trials and iron-balance metabolic studies/82/.
Coadministration of chelators: the"Shuttle Effect".
Observations on the comparative ability of DFO and a hydroxypyridinone chelator (CP94) to cross cellular membranes are pertinent to the issue of probable differences in the chelatable iron pools interacting with DFO and deferiprone /83/. These studies, conducted in the rat visceral yolk sac, showed that hydroxypyridones cross the plasma and lysosomal membranes rapidly, whereas DFO is incapable of crossing the same membranes, and enters cells only by endocytosis. These in vitro studies lend strong support to the concept that DFO and deferiprone appear to tap different iron pools, and that their concurrent use may result in an additive, or synergistic effect on iron excretion
The combination of a weak chelator which has a better ability to penetrate ceils, with a stronger chelator that penetrates cells poorly but has a more efficient urinary excretion, may result in a synergistic effect through iron shuttling between the two compounds. Such a "shuttle effect" was first proposed by Grady 
